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We propose an alternative scheme to implement the quantum state transfer between two three-
level atoms based on the invariant-based inverse engineering in cavity quantum electronic dynamics
(QED) system. The quantum information can be ultrafast transferred between the atoms by taking
advantage of the cavity field as a medium for exchanging quantum information speedily. Through
designing the time-dependent laser pulse and atom-cavity coupling, we send the atoms through the
cavity with a short time interval experiencing the two processes of the invariant dynamics between
each atom and the cavity field simultaneously. Numerical simulation shows that the target state can
be ultrafast populated with a high fidelity even when considering the atomic spontaneous emission
and the photon leakage out of the cavity field. We also redesign a reasonable Gaussian-type wave
form in the atom-cavity coupling for the realistic experiment operation.
I. INTRODUCTION
For various applications ranging from quantum stor-
age and quantum communication [1, 2], reliable quantum
state transfer (QST) between two qubits has become an
essential ingredient in the quantum information process-
ing [3]. Therefore, there is much interest in the QST
for recent years [4–9]. Experimentally, QST has been
demonstrated with superconducting phase qubits and
transmon qubits in the cavity quantum electronic dynam-
ics (QED) system [10, 11]. Several theoretical proposals
based on the technique of adiabatic passage have been
applied in the implementation of the QST, and these adi-
abatic passage techniques include the stimulated Raman
adiabatic passage (STIRAP) [12–14] and the fractional
stimulated Raman adiabatic passage (f-STIRAP) [4, 15].
For example, Amniat-Talab et al. [12] used the tech-
niques of STIRAP and f-STIRAP to successfully trans-
fer the quantum state between the Λ-type atoms and the
photons. Although the adiabatic passage techniques are
robust against the fluctuations of experimental parame-
ters, the operation time needed to complete the QST is
rather long in most cavity QED systems. However, the
direct atom-photon interactions typically decays with the
evolution time leading to the limitation for the perfect
QST by adopting the adiabatic passage techniques.
Recently, Chen and Muga [16] achieved the fast pop-
ulation transfer within two internal states of a single
Λ-type atom by the invariant-based inverse engineer-
ing, and only two resonant laser pulses were used. The
invariant-based inverse engineering combines the advan-
tages of resonant pulses whose operation time is short
and adiabatic technique which is robust against the vari-
ation of parameters, which has been used for different
systems [17–28], except for the cavity QED system. The
ultrafast population transfer between two or more atoms
∗E-mail: xia-208@163.com
is a fundamental operation for scalable quantum informa-
tion processors. However, previous studies based on the
invariant-based inverse engineering focus on the ultrafast
population transfer within two internal states of a single
atom, and has not been devoted to the ultrafast popula-
tion transfer between two or more atoms. Here, the ma-
jor obstacle for the ultrafast population transfer between
two or more atoms through the invariant-based inverse
engineering exists in finding an appropriate medium that
can be used to exchange energy or information with the
atoms speedily.
To improve the efficiency of QST based on the tradi-
tional adiabatic passage in cavity QED system, we pro-
pose an alternative scheme based on the invariant-based
inverse engineering to implement the ultrafast quantum
state transfer between two Λ-type atoms in this paper.
We take advantage of the cavity field as a medium for ex-
changing information between the atoms speedily, which
is very different from that in Ref. [16] where the popula-
tion transfer is confined in two internal states of a single
atom. Consider the photon leakage out of the cavity, the
atoms are sent through the cavity with a short time in-
terval, which suffer the oppositive variation tendency in
the time-dependent laser pulse and atom-cavity coupling,
i.e., two processes of the invariant-based inverse engineer-
ing between each single Λ-type atom and the cavity field
happen simultaneously. We find that the operation time
needed to complete the QST is short enough before a
photon leaks out of the cavity, and this is an obvious
improvement compared with the QST based on the tra-
ditional adiabatic passage, resulting in the target state
with a high fidelity even when taking the system’s deco-
herence into consideration, including the atomic sponta-
neous emission and the photon leakage out of the cav-
ity. We also redesign the shape from a sinusoidal-wave
form to a Gaussian-wave form in the time-dependent
atom-cavity coupling strength for the realistic experi-
ment. Compared with the traditional QST proposals, our
improvement in the QST based on the invariant-based in-
verse engineering is very feasible with the current cavity
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FIG. 1: The level configuration for our setup. The transition
|e〉 ↔ |s〉 couples resonantly to the cavity mode with the time-
dependent coupling coefficient g(t) and a classical laser drives
the transition |e〉 ↔ |f〉 with the time-dependent coupling
coefficient Ω(t).
QED technology [29], and the present idea can be gener-
alized to the QST models among three and more atoms.
II. INVARIANT-BASED INVERSE
ENGINEERING IN THE CAVITY QED SYSTEM
A. Invariant dynamics between a single Λ-type
atom and the cavity mode
We generalize the dynamics of invariant-based engi-
neering to the cavity QED system containing a Λ-type
atom and the cavity mode. In the atom-cavity system,
as shown in Fig. 1, the single Λ-type atom has an ex-
cited state |e〉 and two ground states |f〉 and |s〉. The
transition |e〉 ↔ |f〉 is resonantly driven by the laser
pulse with the time-dependent Rabi frequency Ω(t) and
the transition |e〉 ↔ |s〉 resonantly couples to the cav-
ity mode a with the time-dependent coupling coefficient
g(t). Ω(t) and g(t) are assumed to be real in the fol-
lowing for simplicity. The state vector |M,N〉 denotes
that the atom is in the state |M〉 (M = f, s, e) and
there are N (N = 0, 1, 2, ...) photons in the cavity field.
Note that the total excitation of the atom-cavity system
is conserved during the state evolution. In the interac-
tion picture, the time-dependent HamiltonianH(t) under
the rotating-wave approximation is block diagonal in the
(N + 1)-excitation subspace {|f,N〉, |e,N〉, |s,N + 1〉}.
The vector |s, 0〉 here is not coupled to any other ones,
therefore, one can thus restrict the problem to the projec-
tion of the Hamiltonian in the single-excitation subspace
{|f, 0〉, |e, 0〉, |s, 1〉} as following (~ = 1):
H(t) =

 0 Ω(t) 0Ω(t) 0 g(t)
0 g(t) 0

 . (1)
The instantaneous eigenstates of H(t) are |n0(t)〉 =
[cos θ, 0, − sin θ]T and |n±(t)〉 = 1√2 [sin θ, ±1, cos θ]T ,
with the corresponding eigenvalvesE0 = 0 andE± = ±ω,
where θ = arctan[Ω(t)/g(t)] and ω =
√
Ω2(t) + g2(t).
When the adiabatic condition |θ˙| ≪ |ω| is satisfied and
Ω(t) and g(t) are applied through a counter-intuition pas-
sage as that in the STIRAP, we can adiabatically trans-
fer the population from the initial state |f, 0〉 to the fi-
nal state |s, 1〉 along the dark state |n0(t)〉. The key
point here is to speed up the population transfer |f, 0〉 →
|s, 1〉 in the atom-cavity system by using the dynamics of
invariant-based inverse engineering. For the Hamiltonian
in Eq. (1) that possesses the SU(2) dynamical symmetry,
an invariant Hermitian operator can be employed to con-
struct the invariant dynamics for our atom-cavity system
with a time-independent expectation value 〈I(t)〉, which
satisfies [16, 30]:
i
∂
∂t
I(t)− [H(t), I(t)] = 0, (2)
where the complex conjugate I†(t) = I(t). The invariant
I(t) is given by [16]:
I(t) = µ

 0 cos γ sinβ −i sinγcos γ sinβ 0 cos γ cosβ
i sin γ cos γ cosβ 0

 , (3)
where µ is an arbitrary constant with units of frequency
to keep I(t) involving the energy dimension. The eigen-
states of I(t) with the corresponding eigenvalues λ0 = 0
and λ± = ±1 are respectively:
|Φ0(t)〉 =

 cos γ cosβ−i sin γ
− cosγ sinβ

 , (4)
and
|Φ±(t)〉 = 1√
2

 sin γ cosβ ± i sinβi cosγ
− sin γ sinβ ± i cosβ

 . (5)
According to Lewis Riesenfeld theory [31], the general
solution of the Schro¨dinger equation with respect to the
instantaneous eigenstates of I(t) can be written as:
|Ψ(t)〉 =
∑
m=0,±
Cme
iαm |Φm(t)〉, (6)
where Cm is a time-independent amplitude and αm is the
Lewis-Riesenfeld phase with the following form:
αm(t
′
) =
∫ t′
0
dt〈Φm(t)|
[
i
∂
∂t
−H(t)]|Φm(t)〉, (7)
where t
′
is the total interaction time. And the time-
dependent parameters γ(t) and β(t) should satisfy the
following auxiliary equations [16]:
γ˙ = Ωcosβ − g sinβ, (8)
β˙ = tan γ(g cosβ +Ωsinβ), (9)
where the dot represents a time derivative.
3B. Fast population transfer for the atom-cavity
system
The explicit expressions of Ω(t) and g(t) to be designed
can be inversely derived from Eqs. (8) and (9):
Ω = β˙ cot γ cosβ − γ˙ sinβ, (10)
g = β˙ cot γ sinβ + γ˙ cosβ. (11)
For a single-mode driving, the atom-cavity system is as-
sumed to be prepared in one of the eigenstates (|Φm(t)〉)
of I(t) initially, then the atom-cavity system is driven
along this instantaneous eigenstate |Φm(t)〉 without wor-
rying about its transition to the other eigenstates, while
the adiabatic condition is unnecessary here. To achieve
the fast population transfer from the atom to the cavity
field, the feasible parameters γ(t) and β(t) can be chosen
as [16]:
γ(t) = ǫ, (12)
β(t) = πt/2tf , (13)
leading to:
Ω(t) = (π/2tf) cot ǫ cos(πt/2tf), (14)
g(t) = (π/2tf) cot ǫ sin(πt/2tf ), (15)
where ǫ is small value to be chosen later and ǫ 6= 0.
However, when the initial state is |f, 0〉, the atom-
cavity model is essentially a multi-mode driving rather
than a single-mode driving, meaning the time-dependent
wave function |Ψ(t)〉 = χ1(t)|f, 0〉+χ2(t)|s, 0〉+χ3(t)|s, 1〉
involve contributions stemming from all the eigenvectors
of the invariant I(t) [16, 23], where |χ1(t)|2 + |χ2(t)|2 +
|χ3(t)|2 = 1, |Ψ(0)〉 = |f, 0〉, and |Ψ(tf )〉 = |s, 1〉. The su-
perposition of |Φ0(0)〉 and |Φ±(0)〉 corresponds to the ini-
tial bare state |Ψ(0)〉, while the superposition of |Φ0(tf )〉
and |Φ±(tf )〉 corresponds to the final bare state |Ψ(tf )〉.
The present setup based on the multi-mode driving pro-
vides the ultrafast population transfer with less intensi-
ties of energy than that based on the single-mode driv-
ing. The coefficients Ω(t) and g(t) are chosen the same
as those in the situation of the single-mode driving, cor-
responding to Eqs. (10) and (11) respectively. Thus, the
population in the initial state |f, 0〉 can be fast trans-
ferred to that in the final state |s, 1〉. Note that the
final state |s, 1〉 contains only one photon in the field
which contains the coded information we want to trans-
fer, therefore, we should design an appropriate time in-
terval between two atoms, and make the second atom
obtain the coded information from the cavity field before
the photon leaks out of the cavity.
C. Ultrafast QST between two Λ-type atoms
As emphasized in the previous section, we send two Λ-
type atoms through the cavity with a special time interval
∆T , as plotted in Fig. 2.
atom 1
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laser field
cavity field
FIG. 2: Experimental setup for the ultrafast QST between
two Λ-type atoms through the cavity field. The atoms are
denoted by atom 1 and atom 2 respectively. Each solid arrow
represents the trajectory of each atom entering the cavity.
The laser field is confined within the red circle area. The spe-
cial value ∆T is chosen so that atom 2 can quickly obtain the
coded information from the cavity field when atom 1 interacts
with the cavity field. The dash line represents the reference
coordinate axis.
If the initial state for the atom-cavity system is |fs, 0〉
(the symbol |fs, 0〉 represents that atom 1 is in |f〉 state,
atom 2 is in |s〉 state, and the cavity field is in the vacuum
state), the atom-cavity system will evolve in the single-
excitation Hilbert space: Γaf ≡ { |φ1〉, |φ2〉, |φ3〉, |φ4〉,
|φ5〉 }, with
|φ1〉 = |fs, 0〉, |φ2〉 = |es, 0〉,
|φ3〉 = |ss, 1〉, |φ4〉 = |se, 0〉, |φ5〉 = |sf, 0〉. (16)
The main task here is to fast transfer the population
from the state |φ1〉 to |φ5〉, leaving the cavity field in the
vacuum state. According to invariant dynamics of the
multi-mode driving between a single Λ-type atom and
the cavity mode in the previous section, we design a time-
dependent laser pulse to drive the atoms within the inter-
action time 0 ≤ t ≤ tf (tf = 0.5us) simultaneously. For
the experimental setup in Fig. 2, due to the relative posi-
tion between the cavity and laser fields (as plotted in Fig.
3), we can divide the whole atom-cavity-atom interaction
process into three subprocedures when the atoms pass
through the cavity and laser fields, i.e., O1 (−0.5us ≤
t ≤ 0), O2 (0 ≤ t ≤ 0.5us), and O3 (0.5us ≤ t ≤ 1us).
Therefore, the interaction Hamiltonian Htot of the atom-
cavity system, under the rotating-wave approximation,
is: Htot =
∑2
l=1[Ωl(t)|f〉l〈e|+ gl(t)|e〉l〈s|a+H.c.].
For the subprocedure O1 (−0.5us ≤ t ≤ 0), atom 1 is
sent through the cavity and arrives at the center of the
cavity field when t = 0, while atom 2 is sent through the
cavity with a time delay ∆T = 0.5us and arrives at the
center of the laser field when t = 0. Consider the initial
state of the atom-cavity system is |fs, 0〉, the transition
|f〉 ↔ |e〉 in atom 1 is forbidden due to the absence of the
laser field, and the transition |s〉 ↔ |e〉 in atom 2 is also
forbidden due to the absence of the photon in the cavity
field. Therefore, when t = 0, the atom-cavity system
keeps in the state |ψ(0)〉 = |fs, 0〉.
For the subprocedure O2 (0 ≤ t ≤ 0.5us), atom 1
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FIG. 3: The time-dependent coefficients Ωi(t) and gi(t) (i =
1, 2) versus t for the corresponding geometry of the laser and
cavity fields. The parameters are chosen: tf = 0.5us and ǫ =
0.1152. The solid line and dash line represent the parameters
{Ω2(t), g1(t)} and {Ω1(t), g2(t)}, respectively.
encounters the cavity and laser fields with the respective
forms:
g1(t) = (π/2tf ) cot ǫ cos(πt/2tf ), (17)
Ω1(t) = (π/2tf ) cot ǫ sin(πt/2tf ), (18)
while atom 2 encounters the cavity and laser fields with
the respective forms:
g2(t) = (π/2tf ) cot ǫ cos
[
π(t−∆T )/2tf
]
, (19)
Ω2(t) = (π/2tf ) cot ǫ sin[π(t+∆T )/2tf
]
. (20)
Then the atom-cavity system’s evolution becomes:
|ψ(t)〉 =
5∑
k=1
Dk(t)|φk〉, (21)
where Dk(t) is the time-dependent coefficient for the
state |φk〉.
Under the laser pulse Ω1(t) and the atom-cavity cou-
pling g1(t), the transition |φ1〉 → |φ3〉 for atom 1 quickly
happens; at the same time, the transition |φ3〉 → |φ5〉 for
atom 2 also quickly happens under Ω2(t) and g2(t). The
whole transition |φ1〉 → |φ5〉 process takes advantage of
the cavity field as a medium for transporting the coded
information between two atoms. The population in the
initial state |ψ(0)〉 = |fs, 0〉 is transferred to that in the
final state |ψ(tf )〉 = |sf, 0〉. This process is very different
from that in Ref. [16] where the population transfer is
limited within two internal states of a single atom.
For the subprocedure O3 (0.5us ≤ t ≤ 1us), the initial
state for the atom-cavity system is |sf, 0〉, which does not
evolve with time t due to the absences of photons in the
cavity field and the laser driving for atom 1 and atom 2,
respectively.
If the initial state for the atom-cavity system is |ss, 0〉,
the whole system under the cavity and laser fields keeps
on the state |ss, 0〉 due to absence of photons in the cav-
ity field. Therefore, the fast QST between two atoms is
achieved leaving the cavity field in the vacuum state, i.e.,
|s〉2
⊗
(x|f〉1 + y|s〉1) → (x|f〉2 + y|s〉2)
⊗ |s〉1 (the sub-
scripts 1 and 2 respectively denote atom 1 and atom 2),
where x, y are the coded informations and |x|2+ |y|2 = 1.
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FIG. 4: The fidelity F vs the ǫ.
As we can see from the above analysis, the time evolu-
tion of the initial state |ss, 0〉 does not change during the
whole operation, thus its transfer keeps 100%. The only
factor that affects the fidelity of our QST is the time evo-
lution of the initial state |fs, 0〉. Therefore, to verify the
reliability of our QST between two atoms, we should con-
sider the detailed characteristic parameter of the atom-
cavity system in the subprocedure O2 (0 ≤ t ≤ tf ).
Although the analytic solution for the coefficient Dk(t)
is hard to be obtained, we numerically verify the fidelity
F for the final state |φ5〉 by setting the evolutive time
t = 0.5us in Fig. 4, where F = |D5(t)|2. Interestingly, for
the present multi-mode driving in the atom-cavity sys-
tem, we find that there are several distinct values where
the fidelity turns out to be close to unit, i.e., ǫ = 0.1152
for N = 1; ǫ = 0.0651 for N = 2 and so on. In the follow-
ing, we choose the maximal value ǫ = 0.1152 to satisfy
F ≃ 1. The behavior of F against ǫ is oscillating, which
is essentially caused by different Lewis-Riesenfeld phases
generated in the transitions |φ1〉 → |φ3〉 and |φ3〉 → |φ5〉
for the eigenvectors of the invariant I(t). This result
coincides with that in the single-atom system, meaning
two atoms experience the similar invariant dynamics of
two internal states in a single Λ-type atom [16]. We re-
mark that the whole interaction time needed to complete
the QST between two atoms is only 0.5us, which is an
improvement compared with the previous QST without
using the dynamics of invariant-based engineering in the
cavity QED system [4].
III. ANALYSIS OF EXPERIMENT
FEASIBILITY
To achieve the ultrafast QST between two Λ-type
atoms, we have obtained the analytic expressions of the
time-dependent laser pulse and the atom-cavity coupling
strength, as depicted from Eqs. (17) to (20), the shapes
of which are sinusoidal-wave forms. However, for the re-
alistic experiment, it is more easy to obtain the atom-
cavity coupling strength g(t) with the Gaussian-wave
form. Therefore, we use the mathematical method of
minimum quadratic fitting to redesign the wave forms
for the parameters g1(t) and g2(t); then we get the re-
designed parameters G1(t) and G2(t) with the Gaussian-
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FIG. 5: (a) The green solid and red dash lines represent
the atom-cavity coupling coefficients gi(t) (i = 1, 2) with the
sinusoidal-wave form and Gi(t) with the redesigned Gaussian-
wave form, respectively. (b) The parameters of general adia-
batic passages Ω
′
i(t) and g
′
1(2)(t) for the traditional QST be-
tween two atoms in the cavity QED system.
wave forms as following:
G1(t) = ǫ
′
exp
( t2
σ2
)
, (22)
G2(t) = ǫ
′
exp
[(t−∆T )2
σ2
]
, (23)
where ǫ
′
= 4.5 × 2πMHz and σ = √0.14us, as plotted
in Fig. 5(a).
To verify the feasibility of the redesigned atom-cavity
coupling strength, we numerically simulate the popula-
tion Pk of the state |φk〉 by combining Eqs. (18), (20),
(22), and (23), in which Pk is defined as Pk = |Dk(t)|2,
as depicted in Fig. 6 (a) and (b). It is obvious to see that
the population Pk by taking the redesigned atom-cavity
coupling strengthGi(t) (i = 1, 2) with the Gaussian-wave
form agrees very well with that by taking the atom-cavity
coupling strength gi(t) with the sinusoidal-wave form, ex-
cept for the slight deviations between the corresponding
excited states.
To compare with the traditional QST between two
atoms based on the adiabatic passage in the cavity QED
system, we replace the present set of parameters Gi(t)
and Ωi(t) (i = 1, 2) with the general set of parameters
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FIG. 6: Time evolution of the population Pk (k = 1, 2, 3, 4, 5)
with the set of parameters: (a) { Ω1(t), Ω2(t), g1(t), g2(t) };
(b) { Ω1(t), Ω2(t), G1(t), G2(t) }; (c) { Ω
′
1(t), Ω
′
2(t), g
′
1(2)(t)
}.
g
′
1(2)(t) and Ω
′
i(t) [5]:
g
′
1(2)(t) = g
′
exp
[(t− Ta/2)2
w2C
]
, (24)
Ω
′
1(t) = Ω
′
exp
[ (t− Ta/2− d)2
w2L
]
, (25)
Ω
′
2(t) = Ω
′
exp
[ (t− Ta/2 + d)2
w2L
]
, (26)
where Ta = 10us, wC =
Ta
6 , wL =
Ta
12 , g
′
= 4.5 ×
2πMHz, Ω
′
= 0.3g
′
, and d = Ta40 , as plotted in Fig.
5(b). Based on the parameters g
′
1(2)(t) and Ω
′
i(t), we
numerically simulate the corresponding population Pk in
Fig. 6(c). Apparently, the total operation time in Fig.
6(c) needed to complete the QST is rather longer than
that in Fig. 6(a) or (b), and the population in Fig. 6(c)
drops below 90%, which is far smaller than that in Fig.
6(a) or (b). This is an obvious improvement both in the
operation time and the fidelity when we use the invariant-
based inverse engineering to implement the QST in the
cavity QED system. Furthermore, we also consider the
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FIG. 7: The fidelity F versus the fluctuations δǫ
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/ǫ
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effect caused by the fluctuations of the redesigned pa-
rameters ǫ
′
and σ on the fidelity F in Fig. 7, and the
result shows that the fidelity keeps higher than 97% even
when the fluctuations δǫ
′
and δσ are both 10%. Thus,
the present QST using the redesigned parameters G1(t)
and G2(t) with the Gaussian-wave forms is rather robust
against the fluctuations of ǫ
′
and σ, and thus it is proved
to be valid.
Now we concentrate on discussing the fidelity F in the
presence of dissipation caused by the noisy environment,
which includes the atomic spontaneous emission and the
photon leakage out of the cavity. When taking the effect
of decoherence into account, the master equation for the
density matrix ρ(t) of the present atom-cavity system is
expressed as:
ρ˙ = −i[Htot, ρ]− κ
2
(a†aρ− 2aρa† + ρa†a)
−
2∑
k=1
∑
m=s,f
Γkem
2
(SkemS
k
meρ− 2SkmeρSkem + ρSkemSkme),
(27)
where Γkem is the atomic spontaneous emission rate from
the excited state |e〉 to the ground state |m〉 (m = s, f)
of the kth atom, Skem = |e〉〈m| and Skme = |m〉〈e| in the
kth atom. κ is the photon leakage rate. We assume
Γkem = Γ/2 for simplicity. In Fig. 8 we plot the fidelity F
of the final state |sf, 0〉 versus the dimensionless parame-
ters Γ/g and κ/g via numerically solving the master equa-
tion (27) with the set of parameter { G1(t), G2(t), Ω1(t),
Ω2(t) }. The result of Fig. 8 shows that the QST be-
tween two atoms based on the invariant-based engineer-
ing is insensitive to the photon leakage and the atomic
spontaneous emission. This is because the present QST
in the atom-cavity system based on the invariant-based
engineering is largely sped up, in which the population
from the initial state to the final state is fast enough
before the photon leaks out of the cavity, and the total
population for the excited states is rather small during
the whole system evolution. But, the fidelity of our QST
is more sensitive to the photon leakage than the atomic
spontaneous emission because the population in the ex-
cited states which involve one photon in the field is far
0
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FIG. 8: The fidelity F versus the dimensionless parameters
Γ/g and κ/g.
larger than that in the excited states which involve the
atomic excited state during the whole system evolution,
i.e., P3 ≫ P2 + P4 in Fig. 6 (a) and (b).
Finally, we present a brief discussion about the basic
elements in the real experiment. The Λ-type atomic con-
figuration can be achieved with the Cs atoms, in which
the state |f〉 corresponds to F = 4,m = 4 hyperfine
state of 62S1/2 electronic ground state, |s〉 corresponds to
F = 3,m = 2 hyperfine state of 62S1/2 electronic ground
state, and |e〉 corresponds to F = 3,m = 3 hyperfine
state of 62P1/2 electronic state. For the typical exper-
imental parameters (g, κ, Γ)/2π = (750, 3.5, 2.62) ×
MHz, which have been reported in the recent cavity
QED experiments [32, 33], we find the fidelity for the
target state is still higher than 98.85% with the set of
parameter { G1(t), G2(t), Ω1(t), Ω2(t) }. Therefore, the
realization of the present QST scheme is very promising
with the current technology.
IV. CONCLUSION
To conclude, we have proposed an alternative scheme
to implement the ultrafast quantum state transfer be-
tween two Λ-type atoms. Compared with the traditional
QST in cavity QED system, the present QST based on
the invariant-based inverse engineering is an obvious im-
provement for both the operation time and the fidelity,
in which the quantum information is fast transferred be-
tween the atoms by taking advantage of the cavity field
as a medium. Through designing the time-dependent
laser pulse and atom-cavity coupling, we obtain the tar-
get state with a high fidelity even when taking the atomic
spontaneous emission and the photon leakage out of the
cavity. We also redesign a Gaussian-type wave form in
the atom-cavity coupling for the realistic experiment op-
eration.
7[1] J. Lee, M. Paternostro, M. S. Kim, and S. Bose, Phys.
Rev. Lett. 96, 080501 (2006).
[2] J. Yin, J. G. Ren, and H. Lu et al., Nature 488, 185
(2012).
[3] S. Lloyd, Science 261, 5128 (1993).
[4] M. A. Talab, S. Gue´rin, N. Sangouard, and H. R. Jauslin,
Phys. Rev. A 71, 023805 (2005).
[5] M. A. Talab, S. Gue´rin, and H. R. Jauslin, Phys. Rev. A
72, 012339 (2005).
[6] L. B. Chen, M. Y. Ye, G. W. Lin, Q. .H. Du, and
X. M. Lin, Phys. Rev. A 76, 062304 (2007).
[7] C. P. Yang, Rev. Phys. Rev. A 82, 054303 (2010).
[8] N. Y. Yao, L. Jiang, A. V. Gorshkov, Z. X. Gong,
A. Zhai,L. M. Duan and M. D. Lukin, Phys. Rev. Lett.
106, 040505 (2011).
[9] Y. D. Wang, and A. A. Clerk, Phys. Rev. Lett. 108,
153603 (2012).
[10] M. A. Sillanp et al., Nature 449, 438 (2007).
[11] J. Majer et al., Nature 449, 443 (2007).
[12] J. R. Kukinski, U. Gaubatz, F. T. Hioe and
K. Bergmann, Phys. Rev. A 40, 6741 (1989).
[13] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod.
Phys. 70, 1003 (1998).
[14] P. Kra´l, I. Thanopulos, and M. Shapiro, Rev. Mod. Phys.
79, 53 (2007).
[15] N. V. Vitanov, K. A. Suominen, and B. W. Shore, J.
Phys. B 32, 4535 (1999).
[16] X. Chen, J. G. Muga, Phys. Rev. A 86, 033405 (2012).
[17] X. Chen, A. Ruschhaupt, S. Schmidt, A. del Campo, D.
Gue´ry-Odelin, and J. G. Muga, Phys. Rev. Lett. 104,
063002 (2010).
[18] X. Chen, E. Torrontegui, and J. G. Muga, Phys. Rev. A
83, 062116 (2011).
[19] J. F. Schaff, X. L. Song, P. ,Capuzzi, P. Vignolo, and
G. Labeyrie, Euro. Phys. Lett. 93, 23001 (2011).
[20] J. F. Schaff, P. Capuzzi, G. Labeyrie and P. Vignolo, New
J. Phys. 13, 113017 (2011).
[21] E. Torrontegui, S. lba´n˜ez, X. Chen, A. Ruschhaupt, and
J. G. Muga, Phys. Rev. A 83, 013415 (2011).
[22] S. Ibez, S. M. Garaot, X. Chen, E. Torrontegui, and
J. G. Muga, Phys. Rev. A 84, 023415 (2011).
[23] S. Y. Tseng, X. Chen, Optic. Lett. 37, 5118 (2012).
[24] M. A. Fasihi, Y. D. Wan, and M. Nakahara, J. Phys. Soc.
Jpn. 81, 024007 (2012).
[25] E. Torrontegui, X. Chen, M. Modugno, S. Schmidt,
A. Ruschhaupt, and J. G. Muga, New J. Phys. 14, 013031
(2012).
[26] Y. Li, L. A. Wu, and Z. D. Wang, Phys. Rev. A 83,
043804 (2011).
[27] A. del Campo, Phys. Rev. A 84, 031606(R) (2011).
[28] S. Choi, R. Onofrio, and B. Sundaram, Phys. Rev. A 84,
051601(R) (2011).
[29] S. Osnaghi, P. Bertet, A. Auffeves, P. Maioli, J. M. Rai-
mond and S. Haroche, Phys. Rev. Lett. 87, 037902
(2001).
[30] Y. Z. Lai, Phys. Rev. A 53, 3691 (1996).
[31] H. R. Lewis and W. B. Riesenfeld, J. Math. Phys. 10,
1458 (1969).
[32] S. M. Spillane, T. J. Kippenberg, K. J. Vahala,
K. W. Goh, E. Wilcut and H. J. Kimble, Phys. Rev.
A 71, 013817 (2005).
[33] J. R. Buck and H. J. Kimble, Phys. Rev. A 67, 033806
(2003).
